Introduction
============

Nanocomposites are an exciting class of materials, where the ability to engineer compositions and structures at the nano- and meso-scales promises the ability to tailor electrical, optical, mechanical and catalytic properties, and to create multifunctionality.[@cit1]--[@cit11] One strategy for creating these materials is by dispersing nanoparticles within a continuous host matrix. While this approach has been widely explored for polymers,[@cit1],[@cit12]--[@cit14] occlusion within inorganic matrices offers additional challenges,[@cit11],[@cit15],[@cit16] where it is frequently difficult to control the microstructure and nanoparticles frequently accumulate at the grain boundaries in polycrystalline host matrices.[@cit17]

Incorporation of pre-made nanoparticles within single crystal hosts can potentially overcome these problems. However, simple co-precipitation of salts such as NaCl or borax in aqueous solutions,[@cit18]--[@cit20] and calcite (CaCO~3~)[@cit21]--[@cit23] in the presence of nanoparticles typically results in low levels of occlusion (under 1 wt%). Superior occlusion can be achieved by functionalizing the nanoparticles with polymers that can act as steric stabilizers and promote binding to the surface of the host crystal. This approach has been demonstrated for the occlusion of nanoparticles including magnetite (Fe~3~O~4~), gold and organic nano-objects in calcite and ZnO.[@cit24]--[@cit28] Nanoparticle aggregation is less significant in organic solvents, such that successful occlusion has been achieved of Pt nanoparticles in MOFs[@cit29] and PbS particles in methylammonium lead iodide perovskites.[@cit4],[@cit30]

In all of these cases, the properties of these single crystal nanocomposites are dependent not only on their compositions, but also on their 3D structures. In principle, this enables control over material properties, where the size, shape, loading and distribution of the species occluded within the crystal matrix can all be varied. However, achieving this degree of control remains challenging because (i) our understanding of the fundamental mechanisms governing occlusion remains limited and (ii) there are inherent technical difficulties associated with visualising the 3D spatial organisation of the nanocomposite over extended volumes at an appropriate resolution. Techniques such as confocal fluorescence microscopy or optical microscopy can provide information about the average distribution of fluorescent or colored additives within a crystal, but the resolution is frequently insufficient to identify the locations of individual nano-sized or molecular additives.[@cit31],[@cit32] Serial sectioning and successive electron microscopy of samples can be carried out to build a tomographic image, but is both destructive and prone to artefacts.[@cit23] While significant advances have been made in electron tomography,[@cit33],[@cit34] this technique remains limited in the size of sample that can be studied, such that it is difficult to correlate the locations of the occlusions with the morphology of the host crystal.

Here, we use a model system comprising calcite single crystals incorporating two contrasting additives -- diblock copolymer worms, and silica-loaded diblock copolymer vesicles -- to investigate the parameters controlling the distribution of these species within a crystal host. Cryo-ptychographic X-ray computed tomography (PXCT) was used to visualize the internal structures of *entire* crystals. This non-destructive coherent diffraction imaging technique provides 3D quantitative electron density maps of extended specimens,[@cit35]--[@cit39] and therefore enables the precise locations of the occluded nanoparticles to be correlated with the crystal morphology and structure. Our results not only reveal two forms of nanoparticle zoning, but also show that the size and shape of the additives incorporated vary according to their location within the crystal. This work provides important new insights into the influence of the crystal growth conditions and crystal/additive interactions on additive occlusion, where this will ultimately enable the design of nanocomposite materials with specific structure/property relationships.

Results and discussion
======================

Polymer nano-objects and nanocomposite synthesis
------------------------------------------------

Poly(methacrylic acid)~*x*~--poly(benzyl methacrylate)~*y*~ (PMAA~*x*~--PBzMA~*y*~) diblock copolymer worms and vesicles were selected for this study because they offer strongly contrasting morphologies and sizes. These nanoparticles were prepared using polymerisation-induced self-assembly and are known to occlude within calcite due to the anionic surface character of the poly(methacrylic acid) stabiliser chains ([Fig. 1a and b](#fig1){ref-type="fig"}).[@cit25],[@cit40] For consistency with previous studies,[@cit40] silica nanoparticles were incorporated within the vesicles during their synthesis. The PMAA~69~--PBzMA~200~ vesicles (subscripts refer to the mean degree of polymerisation of each block) possess an intensity-average diameter of 232 nm but ranged in size from 100 to 600 nm, as determined by dynamic light scattering.[@cit40] The PMAA~71~--PBzMA~150~ worms possessed average diameters of ≈30 nm and lengths of \> 1 μm as determined by transmission electron microscopy (TEM) (Fig. S1[†](#fn1){ref-type="fn"}).[@cit25]

![(a) Generic chemical structure of the PMAA~*x*~--PBzMA~*y*~ diblock copolymer nano-objects used in the study. (b) Schematic representation of PMAA~69~--PBzMA~200~ vesicles and PMAA~71~--PBzMA~150~ worms. (c) SEM images of vesicle/calcite and a (d) worm/calcite composite single crystals.](c9sc04670d-f1){#fig1}

Nanocomposites were precipitated using the ammonia diffusion method (ADM),[@cit41] where a calcium chloride solution containing the diblock copolymer nano-objects is exposed to gaseous carbon dioxide and ammonia. This results in the formation of calcite (CaCO~3~) single crystals occluding the polymer nano-objects, where the polymorph was confirmed using Raman microscopy (Fig. S1[†](#fn1){ref-type="fn"}). The two types of nanocomposite crystals exhibited distinct morphologies ([Fig. 1c and d](#fig1){ref-type="fig"}). The vesicle/calcite crystals retained the rhombohedral morphology of pure calcite, while the worm/calcite crystals were elongated along the *c*-axis, possessed rough surfaces, and their apexes were each capped by three smooth {104} faces. These crystal morphologies reflect the differing degree of interaction of the anionic carboxylate groups on the copolymer particles with the growing crystals. Occlusion levels of ≈15--20 wt% for the worms[@cit25] and ≈25 wt% for the vesicles[@cit40] were estimated using thermogravimetric analysis (TGA) (Fig. S2[†](#fn1){ref-type="fn"}).

Ptychographic tomography of nanocomposites
------------------------------------------

The spatial organization of the worms and vesicles within individual calcite crystals were determined using cryo-ptychographic X-ray computed tomography (cryo-PXCT) at --180 °C.[@cit35],[@cit37],[@cit42] These measurements were carried out by randomly selecting crystals that were 10--50 μm in diameter, and mounting them on custom-made tomography pins (Fig. S3[†](#fn1){ref-type="fn"}). The resulting quantitative electron density tomograms possess a sample-average spatial resolution of 62 nm for the worm/calcite crystal and 56 nm for the vesicle/calcite crystal (Fig. S4[†](#fn1){ref-type="fn"}). The resolution is therefore more than sufficient to characterise the morphologies of the vesicles. For any analysis where the resolution is insufficient (*e.g.* of vesicle morphologies) the analysis was restricted to larger --resolvable- vesicles. It is noted that the area of the nanocomposite crystals in closest proximity to the tomography pin is omitted from the tomogram, giving an apparent truncation. For further method and sample-synthesis related information please refer to the accompanying ESI.[†](#fn1){ref-type="fn"}

Ptychographic tomography of a vesicle/calcite nanocomposite
-----------------------------------------------------------

[Fig. 2a](#fig2){ref-type="fig"} shows a volume rendering, and two orthogonal slices through the electron density tomogram of a calcite crystal containing vesicles. The rhombohedral sample morphology that is apparent in the volume rendering is fully consistent with the SEM image shown in [Fig. 1c](#fig1){ref-type="fig"}. The orthoslices through the crystal reveal the locations of the vesicles in the calcite host and show that they are distributed in a non-uniform manner ([Fig. 2a](#fig2){ref-type="fig"}). The corresponding electron density histogram is shown in [Fig. 2b](#fig2){ref-type="fig"}, on which the theoretical electron densities of the two components of the nanocomposite -- calcite (0.82 eA^--3^) and silica-loaded copolymer vesicle (0.36 eA^--3^) -- are marked. As the physical density and composition of calcite and vesicles is known, their implied electron densities can be used to determine both the local, and the total volume fraction (or mass fraction) of the occluded vesicles. That this can be achieved without having to fully resolve the polymer nano-objects is due to the samples simple 2-component nature and the quantitative aspect of PXCT. Based on this analysis, the PXCT data suggest that this calcite crystal occludes ≈17 wt% vesicles, which is in reasonable agreement with the TGA data. The deviation between these values may arise from crystal-to-crystal variations.

![Ptychographic X-ray computed tomography of a calcite nanocomposite crystal occluding diblock copolymer vesicles. (a) Volume rendering of and orthoslices through the electron density tomogram of a calcite crystal occluding silica-loaded copolymer vesicles (PMAA~69~--BzMA~300~). Both orthoslices are shown with a single color scale ranging from black to white, where this is representative of the electron density value or the approximate weight percent of vesicles. (b) Corresponding histogram, where the electron densities of the reference components and the applied segmentation thresholds are marked. (c) Radial distribution profiles showing the volume averaged compositional variation of the nanocomposite as a function of distance from the crystal center (blue arrows). The scale bars are 5 μm, the voxel size is (16.6 nm)[@cit3] and measurements were conducted under cryogenic conditions.](c9sc04670d-f2){#fig2}

Orthoslices through the tomogram clearly show that the crystal comprises a vesicle-poor (\<10 wt% vesicles) rhombohedral core of diameter ≈12 μm, surrounded by *a* ≈ 12 μm thick vesicle-rich (≈23 wt% vesicles) zone. There is then a second, vesicle-poor zone, which increases slightly in vesicle content in the outermost layer (≈15 wt% vesicles, Movie S1[†](#fn1){ref-type="fn"}). These radial variations in vesicle occlusion efficacy are illustrated in [Fig. 2c](#fig2){ref-type="fig"}, which provides a radially-averaged electron density profile, expressed in terms of the distance from the proposed nucleation center of the crystal.

More information about the occluded vesicles was then obtained by applying a segmentation threshold to separate the calcite host from the vesicles, and then characterizing the diameter and sphericity *Ψ* of individual vesicles. A cut-off value of 50 vol% vesicle (or \<0.6 eA^--3^) was applied and the segmentation was refined through the application of morphological operators to ensure that entire vesicles were included in the analysis. The segmented volume rendering and orthoslices provided in [Fig. 3a](#fig3){ref-type="fig"} show the locations of individual vesicles within the crystal matrix. The average inter-vesicle spacing was determined to be ≈300 nm (Fig. S5[†](#fn1){ref-type="fn"}), and on average the vesicles retain their solution sphericity (*Ψ* ≈ 0.98) and mean diameters of 210 nm upon occlusion. The occluded vesicle size distribution is an almost perfect match to that in solution ([Fig. 3b](#fig3){ref-type="fig"}), which demonstrates that the vesicles experience minimal aggregation or deformation during occlusion. A bivariate histogram of vesicle size *vs.* sphericity reveals that if significant shape changes do occur, they principally affect larger vesicles ([Fig. 3b](#fig3){ref-type="fig"}). Finally, given the rhombohedral symmetry of calcite and the corresponding morphology of the composite crystal we investigated the radial dependency of vesicle size and sphericity from the nucleation centre, *i.e.* the vesicle-poor core, to the composite crystal exterior ([Fig. 3c](#fig3){ref-type="fig"}). Evident from these distributions is that, although larger vesicles are preferentially occluded in zones of higher occlusion density (*i.e.* the zone immediately surrounding the low vesicle density core), the vesicle sphericity increases from the core of the nanocomposite crystal to its outer surface.

![Threshold segmented tomography of a calcite nanocomposite crystal occluding diblock copolymer vesicles. (a) Volume rendering of and orthoslices through the threshold-segmented tomogram. The segmentation threshold used to separate the calcite host (red) from the dispersed silica-loaded vesicles (blue) was ∼0.6 eA^--3^. (b) Vesicle size distribution and bivariate histogram showing the number of vesicles as a function of diameter and sphericity. (c) Radial distribution profiles showing the variations in the volume averaged vesicle diameter and sphericity of larger vesicles as a function of the distance from the composite center. Scale bars are 5 μm and the voxel size is (16.6 nm).[@cit3]](c9sc04670d-f3){#fig3}

Ptychographic tomography of a worm/calcite nanocomposite
--------------------------------------------------------

The volume rendering of the electron density tomogram of a worm/calcite crystal and the corresponding orthoslices are shown in [Fig. 4a](#fig4){ref-type="fig"}. The elongated morphology is in excellent agreement with the SEM image and the average electron density suggests a composition of ≈16 wt% polymer worms ([Fig. 4b](#fig4){ref-type="fig"}), which again agrees well with the TGA analysis (18 wt%). However, in contrast to the vesicle/calcite crystal, the orthoslices reveal that this crystal possesses both a radial and directional variation in occlusion. A worm-poor zone (≈10 wt% worms) is evident, which takes the form of an hourglass whose axis runs parallel to the crystallographic *c*-axis. This hourglass shape is a common zoning effect in single crystals, where the symmetry is consistent with the nucleation point lying at the centre of the hourglass.

![Ptychographic X-ray computed tomography of a calcite nanocomposite crystal occluding diblock copolymer worms. (a) Volume rendering, and orthoslices through the electron density tomogram of a calcite crystal occluding copolymer worms (PMAA~70~--BzMA~150~). Common to both orthoslices is a single color scale ranging from white to yellow, where this is representative of the electron density value or weight percent of copolymer. (b) Electron density histogram, electron densities of the reference components are indicated. (c) Radial distribution profiles showing the compositional variation parallel and normal to the crystallographic *c*-axis as a function of distance from the composite center. The scale bars are 5 μm, the voxel size is (38.8 nm)^3^ and the measurements were conducted under cryogenic conditions.](c9sc04670d-f4){#fig4}

This zone is surrounded by a worm-rich zone (≈18 wt% worms), followed by an outer worm-poor layer (≈12 wt% worms) which follows the form of the hourglass core. The occlusion pattern is therefore more complex than that of the vesicle/calcite crystals, as is also shown in the averaged electron density line profiles shown in [Fig. 4c](#fig4){ref-type="fig"}. These data confirm that higher occlusion occurs in the equatorial zone and that occlusion is lower in the direction of elongation (the *c*-axis) (Movie S2[†](#fn1){ref-type="fn"}). No further segmentation of these data was carried out as the spatial resolution was insufficient to fully resolve the worms within the host crystal.

Origin of zoning effects
------------------------

Two forms of zoning are observed in these nanocomposite crystals. The first derives from selective interaction of the polymer nano-objects with the growth steps on the calcite surface and is observed in the worm/calcite crystals only. The morphology of these crystals -- which are elongated along the *c*-axis and exhibit rough faces in the equatorial zone -- derives from preferential binding of these additives to the acute step edges.[@cit43] This interaction is also apparent in the zoning pattern within the crystal, where the worms are again concentrated in the equatorial zone. This form of zoning is termed intra-sectoral zoning and is recognized for a range of ions including Mg^2+^, Mn^2+^, Sr^2+^ and SO~4~^2--^ ([@cit44]) and also dye molecules in calcite.[@cit43]

The second zoning effect is observed as a radial variation in the number density of occluded species. This appears as a low-occlusion core, surrounded by a higher occlusion zone. The occlusion density is principally determined by two factors, (i) the conformation of the anionic PMAA stabiliser chains, which is governed by the Ca^2+^/carboxylate molar ratio and (ii) the growth rate. Considering the first of these factors, greater conformational freedom of the PMAA chains is associated with superior occlusion. The behaviour of weak polyelectrolyte brushes (such as PMAA) in the presence of monovalent and divalent ions has been well-studied.[@cit47]--[@cit49] Ca^2+^ ions interact strongly with anionic carboxylate groups, leading to more compact chain conformations and promoting bridging between neighbouring carboxylate groups. This behaviour is strongly dependent on the solution conditions, where subtle changes in the Ca^2+^ concentration can lead to sudden contraction or expansion of the PMAA stabiliser chains.

For a given copolymer concentration, efficient nanoparticle occlusion is thus determined by the calcium ion concentration, with higher concentrations leading to more compact PMAA chains and poor occlusion. The radial variation in occlusion observed in the calcite/vesicle crystals can therefore be attributed to the reduction in calcium ions that occurs during crystallisation. There is a relatively high Ca^2+^ concentration at the outset of crystallization which limits occlusion. The chains then recover their conformational freedom as the Ca^2+^ concentration decreases, leading to increased occlusion. We recently reported a similar effect when systematically varying the length of the anionic stabiliser chains for the occlusion of anionic cross-linked vesicles within calcite.[@cit50] As the conformation freedom is greater for longer stabilizer chains, vesicles stabilized by short chains were only incorporated near the outer surface of calcite crystals (when the Ca^2+^ concentration was low), while longer stabiliser chains led to extensive vesicle occlusion.

Finally, that both the worm/calcite and vesicle/calcite crystals exhibit a further decrease in occlusion close to the surface of the crystals can be attributed to the slowed crystal growth as crystallization terminates. For most additives, occlusion is limited by their residence time on the crystal surface. Occlusion is therefore favored at higher supersaturation, when an additive is rapidly engulfed before it has time to desorb.[@cit51]

Influence of occlusion process on incorporated additives
--------------------------------------------------------

Our data also provide a unique opportunity to evaluate the effect of occlusion on the polymer nano-objects themselves. The average sphericity of the incorporated vesicles decreases significantly with an increase in the vesicle size. While the smaller vesicles retain near perfect sphericity, larger vesicles \>250 nm in diameter can undergo significant shape changes and elongate during occlusion ([Fig. 3b and c](#fig3){ref-type="fig"}). This can be attributed to the higher curvature of the smaller vesicles, which makes them harder to deform. However, the limitations in spatial resolution need to be taken into consideration when defining the sphericity of the smallest vesicles. Changes in shape have also been observed previously when polymer micelles were occluded in calcite, where the soft micelle flattens as it adsorbs to the crystal surface.[@cit24],[@cit52]

Conclusions
===========

The occlusion of additives ranging from small molecules,[@cit7],[@cit32],[@cit53],[@cit54] to polymers,[@cit34],[@cit55],[@cit56] to organic and inorganic nanoparticles,[@cit4],[@cit5],[@cit8],[@cit18],[@cit22],[@cit24],[@cit26],[@cit28] in single crystals provides a unique strategy for creating new materials with tailor-made properties. However, to fully profit from this approach, it is necessary to control the composition and structure of these nanocomposites. This can only be achieved by determining how occlusion is governed by the synthesis conditions and the interplay between the additive chemistry and the host crystal. Ideally, this is achieved by characterizing the 3D structures of such nanocomposite crystals. Here, we have demonstrated that this can be achieved using cryo-PXCT, which enabled us to non-destructively map the 3D distribution of copolymer worms and vesicles occluded within entire micron-sized calcite crystals. Our results reveal a non-uniform distribution of the nanoparticles that is governed by the synthesis conditions and the crystallography of the host crystal, and a local variation in the vesicle loading of up to 100 wt%. This new insight into occlusion mechanisms will ultimately enable us to develop occlusion strategies to design and fabricate new nanocomposite materials with improved optical, structural and mechanical properties, where analyses of structure/property relationships are often made based on an assumption of a spatially uniform structure.
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